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beam  accelerator  with  mean  electron  energy  of  950  keV  and  electron 
beam  energy  of  80  kJ  has  been  accomplished.  The  reliability  of 
the  accelerator  was  shown  to  be  greater  than  90  percent  at  the 
90  percent  confidence  level.  The  repeatability  of  the  accelera- 
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SECTION  1 


INTRODUCTION 


OWL  II  is  an  advanced  pulsed  electron  beam  accelerator  built 
for  DNA  by  Physics  International  Company  (Reference  1) . The  ac- 
celerator is  capable  of  delivering  electron  beams  with  mean  elec- 
tron energies  up  to  1.4  MeV  and  electron  beam  energies  up  to 
150  kJ  (Reference  2) . Accelerator  reliability  has  been  a problem 
in  the  past  because  of  diode  insulator  breakdowns.  In  a recently 
completed  internally-funded  program,  the  reliability  of  OWL  II 
was  improved  by  modifying  the  diode  insulator  geometry  (Refer- 
ence 3) . The  OWL  II  diode  study  was  initiated  to  demonstrate 
accelerator  reliability  with  electron  beams  suitable  for  thermal 
structural  response  testing. 

The  objectives  of  the  OWL  II  Diode  Study  were  to: 

(1)  Modify  the  OWL  II  diode  configuration  to  obtain  reliable 
accelerator  performance  for  nominal  electron  beam  energies 

of  1 MV. 

(2)  Demonstrate  the  statistical  reliability  of  the  modified 
accelerator  operating  at  this  voltage  level  using  a 400  cm^ 
cathode,  with  a goal  of  90  percent  reliability. 

(3)  Document  the  results  of  the  testing  and  define  the 
reliable  operating  limits  of  the  accelerator. 

The  goals  of  this  progreim  were  met  except  that  the  maximum 
reliable  operating  limits  of  the  accelerator  have  not  yet  been 
completely  defined. 
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The  optimum  insulator  geometry  described  in  Reference  3 was 
used  for  the  testing  reported  here.  In  addition,  the  high  voltage 
reliability  was  further  enhanced  by  improving  electrical  contact 
in  the  cathode  current  feed.  Accelerator  reliability  was  then 
found  to  be  greater  than  90  percent  at  the  90  percent  confidence 
level,  with  a 950  keV,  80  kJ  electron  beam.  Moreover,  high 
repeatability  of  the  accelerator  was  demonstrated,  and  an  entire 
family  of  electron  beams  was  characterized  for  a proposed  DNA- 
funded  Lockheed  Space  and  Missile  Systems  Company  (LMSC)  thermal- 
structural  response  program. 

The  experimental  apparatus  and  techniques  are  discussed  in 
Section  2,  the  experimental  results  are  presented  in  Section  3, 
and  the  conclusions  and  recommendations  are  discussed  in  Sec- 
tion 4 . 
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SECTION  2 


EXPERIMENTAL  APPARATUS  AND  TECHNIQUES 


2.1  OWL  II 

A block  diagram  of  OWL  II  is  given  in  Figure  1.  The  ac- 
celerator is  a pulse  charged  system,  consisting  of  an  oil  im- 
mersed, 1/3  MJ  Marx  generator  and  a water-insulated  coaxial 
transmission  line  pulse  transformer,  which  provides  the  pulse 
forming  network  (Reference  1) . The  accelerator  configuration 
employed  for  the  testing  reported  here  utilized  the  120-nsec 
pulse  line,  the  1.8-ohm  output  impedance  transformer,  and  the 
recently  modified  diode  insulator  geometry. 

The  electron  beam  test  geometry  is  shown  schematically  in 
Figure  2.  The  electron  beam  is  generated  by  a field  emission 
cathode  and  passes  through  a transmission  anode  into  the  experi 
mental  chamber.  A magnetic  lens*  was  used  to  control  and  trans 
port  the  electron  beam  from  the  cathode  emission  surface  to  the 
target.  This  produces  an  electron  beam  that  retains  the  cross- 
sectional  shape  of  the  cathode  but  the  area  of  the  beam  is  in- 
versely proportional  to  the  magnetic  lens  ratio.  Fluence  uni- 
formity is  controlled  to  first  order  by  dishing  the  cathode  to 
compensate  for  the  bow  of  the  anode  produced  by  the  1 torr  gas 
pressure  in  the  test  chamber. 


For  detailed  description  of  a magnetic  lens,  see  References  4 
and  5 . 


2.2  ELECTRON  BEAM  DIAGNOSTICS 


Diagnostics  used  in  characterization  of  the  electron  beam 
were  employed  both  in  the  diode  and  at  the  target  location.  The 
diode  diagnostics  consisted  of  a voltage  monitor,  a set  of  B 
probes,  and  a set  of  current  monitors.  The  voltage  monitor  is 
a capacitive  voltage  divider  embedded  in  the  diode  insulator. 

The  B probes  are  magnetic  field  sensors  that  have  an  output 
proportional  to  the  time  rate  of  change  of  the  magnetic  field 
associated  with  the  diode  current.  The  diode  current  monitors 
consist  of  Rogowski  coil  segments  that  are  B probes  with  built-in 
integrators  so  that  the  output  is  directly  proportional  to  diode 
current.  Four  B probes  and  two  Rogowski  coil  segments  were  on 
the  anode  plate  located  on  a diameter  just  inboard  of  the  inside 
diameter  of  the  diode  insulator.  Two  full  Rogowski  coils  sur- 
rounded the  cathode:  one  was  in  the  anode  plate,  and  the  other 
was  in  the  anode  extension  near  the  cathode  tip. 


The  diode  diagnostics  were  recorded  with  fast  oscilloscopes 
(typically  150  MHz  bandwidth) . The  oscilloscope  data  was  digit- 
ized and  fed  into  PI  data  processing  codes  (Reference  6) . The 
data  processing  codes  correct  the  input  data  for  RC  and  L/R 
slumps  inherent  in  the  monitors,  determine  the  acceleration 
voltage  and  then  calculate  parameters  used  to  characterize  the 
electron  beam. 


The  accelerator  voltage,  V , was  determined  from  the 


equation : 


V = V . - L 

acc  monitor  dt 


or 


V = V ..  -Lx  (constant 

acc  monitor  ' 


^constant  x 
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vsdiere 


is  the  voltage  measured  by  the  voltage 
monitor  after  correction  for  RC  slump 

is  the  diode  inductance 

is  the  diode  current 

is  the  ratio  I/B  at  the  location  of  the 
B probe 

The  product  L x constant  was  determined  by  comparing  V . . to 
. j r-  monitor 

the  B probe  when  the  cathode  was  shorted  to  the  anode  (i.e., 

V = 0) . Figure  3 shows  the  results  of  these  calculations  for 
d.c 

a representative  pulse. 

The  raw  oscilloscope  data  from  the  current  monitors  were 
used  separately  to  determine  if,  when  and  where  diode  insulator 
breakdown  developed  in  the  diode. 

The  acceleration  voltage  and  diode  current  waveforms  were 
used  directly  in  the  PIElD  Monte  Carlo  code  (Reference  7)  to 
calculate  electron  beam  energy  deposition  profiles  for  correlation 
with  measurements. 

The  beam  diagnostics  at  target  location  consisted  of  fluence 
and  deposition  profile  calorimeters.  The  fluence  calorimeter  was 
the  closely  packed  array  of  total-stopping  ATJ  graphite  blocks, 
shown  in  Figure  4.  The  blocks  were  mounted  on  a fiberglass  board 
with  aluminum  screws  which  were  instrumented  with  iron-constantan 
thermocouples.  The  thermocouple  signals  were  recorded  by  a 
scanning  digital  voltmeter  that  sampled  each  probe  approximately 
every  2.2  seconds.  The  thermal  equilibration  time  was  approxi- 
mately 10  seconds  and  the  thermal  decay  time  was  approximately 
200  seconds,  so  the  peak  thermocouple  readings  were  used  to 


V 

monitor 

L 

I 

and 

constant 
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Figure  3 Detailed  analysis,  OWL  II,  pulse  2003 


Probes  1 to  32:  1 inch  by  1 inch  by  0.3  inch 

Probes  33  to  44:  2 inches  by  2 inches  by  0.3  inch 


Figure  4 Fluence  calorimeter. 
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determine  fluences.  Fluences  were  calculated  with  a PI  mini- 
computer program,  using  polynomial  fits  to  handbook  enthalpy 
curves  for  ATJ  graphite  and  aluminum. 

The  electron  beam  energy  deposition  profile  was  investigated 
with  a graphite  foil  stack  calorimeter,  shown  in  Figure  5.  The 
foils  were  0 . 02-inch-thick  ATJ  graphite  foils  held  in  position  by 
polyethylene  blocks.  The  foils  were  instrumented  with  iron- 
constantan  thermocouples,  which  were  clamped  against  a copper  tab 
attached  to  an  edge  of  each  foil.  The  thermocouple  signals  were 
read  out  with  the  same  scanning  digital  voltmeter  system  described 
previously,  except  that  each  foil  was  sampled  every  1/2  second, 
approximately.  The  thermal  equilibration  time  for  the  foils  was 
approximately  1 second  and  the  thermal  decay  time  was  approximate- 
ly 20  seconds,  so  it  was  necessary  to  plot  thermal  response  curves 
and  extrapolate  to  zero-time  to  determine  the  deposition  profiles. 
The  deposition  profiles  were  calculated  with  a PI  mini-computer 
program  using  polynomial  fits  to  the  enthalpy  curves  for  ATJ 
graphite  and  copper. 
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SECTION  3 


EXPERIMENTAL  RESULTS 

A total  of  60  pulses  were  taken  in  this  prograiu;  each  of 
these  pulses  is  briefly  described  in  the  pulsing  summary  table 
in  Appendix  A.  Approximately  two-thirds  of  these  pulses  were 
developmental — improving  accelerator  reliability,  investigating 
beam  uniformity,  and  determining  the  best  method  of  producing 
beams  for  the  proposed  DNA/LMSC  thermal-structural  response 
program.  The  final  21  pulses  were  used  to  establish  accelerator 
reliability,  demonstrate  accelerator  repeatability,  and  to 
characterize  electron  beams  for  the  proposed  DNA/LMSC  thermal- 
structural  response  program. 

3.1  IMPROVEMENT  OF  ACCELERATOR  RELIABILITY 

It  has  been  recently  observed  that  illumination  of  diode 
insulators  with  light  from  the  acceleration  volume  or  from  arcing 
at  points  of  imperfect  electrical  contact  adversely  affects 
voltage  hold-off  capability.  Therefore,  in  preparation  for 
these  tests  the  cathode  plate  and  base  of  the  cathode  were 
machined  flat  and  parallel  in  an  effort  to  improve  electrical 
contact  at  the  base  of  the  cathode.  Furthermore,  the  cathode 
spacer  rings  used  to  adjust  the  cathode-anode  separation  were 
designed  to  be  placed  next  to  the  cathode  tip  where  disconti- 
nuities would  be  hidden  from  the  insulator  by  the  anode  extension. 
These  cathode  spacer  rings  were  accidently  made  of  aluminum  and 
could  not  be  placed  in  the  pulsed  magnetic  field  (beam  guide) 
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near  the  cathode  tip.  Therefore,  the  initial  pulses  were 
attempted  with  the  cathode  spacer  rings  at  the  cathode  base, 
resulting  in  poor  accelerator  reliability.  New  magnetically 
transparent  cathode  spacer  rings  were  made  and  installed  near 
the  cathode  tip  and  reliable  accelerator  operation  was  achieved. 
Eventually  the  electrical  contact  at  the  cathode  base  degraded 
and  poor  accelerator  reliability  was  experienced.  The  elec- 
trical contact  at  the  cathode  base  was  finally  assured  with  a 
0 . 007-inch-thick  lead  gasket  at  the  cathode  base/cathode  plate 
interface.  Af*-er  installing  this  gasket  there  was  ^ degradation 
of  accelerator  reliability. 

3.2  FLUENCE  UNIFORMITY 

These  tests  were  the  first  using  a transmission  anode  with 
2 

the  full  400  cm  OWL  II  beam.  The  initial  pulses  in  this  program 
utilized  a 9-inch-diameter  cathode  tip  that  was  spherically 
dished  by  0.080-inches  to  investigate  the  effect  of  cathode  shape 
on  fluence  uniformity.  This  cathode  produced  a beam  that  had 
a thin-intense  annulus  but  good  macroscopic  fluence  uniformity 
inboard  of  the  annulus.  The  annulus  was  sufficiently  intense 
to  melt  the  0.0005-inch  titanium  anode,  but  the  central  portion 
of  the  anode  survived  and  served  as  a fluence  uniformity  witness 
plate.  The  central  portion  of  the  anode  showed  microscopic 
fluence  irregularities  that  are  characteristic  of  magnetically 
controlled  electron  beams.  These  microscopic  fluence  irregu- 
larities can  be  smoothed  out  by  using  scattering  foils  in  the 
electron  beam  chamber.  It  was  felt  that  the  fluence  uniformity 
was  adequate  for  thermal-structural  response  testing,  so  this 
cathode  was  used  unchanged  throughout  the  testing.  The  average 
mean  square  deviation  (MSD)  macroscopic-f luence  uniformity  in 
this  program  was  ± 7 percent. 
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3 . 3 FLUENCE  LEVELS 

The  fluence  levels  were  changed  by  varying  the  magnetic 
lens  ratio,  the  ratio  of  magnetic  field  strength  at  target 
location  to  magnetic  field  strength  at  the  cathode  emission 
surface.  To  first  order,  the  fluence  level  should  be  directly 
proportional  to  the  lens  ratio,  L.  Several  different  magnet 
positions  were  investigated  and  it  was  found  that  the  magnet 
position  could  be  fixed  and  the  fluence  levels  for  the  proposed 
DNA/LMSC  thermal-structural  response  program  could  be  generated 
with  one  set  of  accelerator  parameters  by  simply  changing  the 
position  of  the  target.  The  lens  ratio  as  a function  of  distance 
from  the  cathode  for  this  geometry  is  shown  in  Figure  6. 

3.4  OWL  II  RELIABILITY 


The  21  consecutive  pulses  listed  in  Table  1 established 
the  reliability  of  OWL  II  at  design  output  levels.  There  were 
no  diode  insulator  breakdowns  in  these  21  consecutive  pulses. 

With  no  failures  in  21  "observations,"  the  probability  of  success 
is  greater  than  90  percent  at  the  90  percent  confidence  level, 
based  on  statistical  analysis  assuming  binomial  probability 
distribution  (Reference  8) . 

3.5  OWL  II  REPEATABILITY 

These  data  can  be  used  to  demonstrate  the  repeatability  of 
OWL  II.  The  repeatability  of  the  pulser  (up  to  the  diode), 
characterized  by  the  pulse  charge,  has  always  been  good.  For 
this  series  the  pulse  charge  was  repeatable  to  +1  percent  MSD 
(ignoring  pulse  2020,  for  which  the  pulse  charge  was  intentionally 
reduced) . The  repeatability  of  the  accelerator  characterized 
by  diode  performance  has  been  a problem  in  the  past  because  of 
diode  insulator  breakdowns.  In  these  tests  the  repeatability 
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Figure  6 Magnetic  lens  ratio. 
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TABLE  1 


DATA  SUMMARY 


Bean 


Pulse 

Nvonber 

Pulse 

Charge 

(MV) 

Peak 

Acceleration 

Voltage 

(MV) 

Peak 

Bean 

Current 

(kA) 

Mean 

Electron 

Energy 

(MeV) 

Beam 
Energy 
in  Diode 
(kJ) 

Calorineter 
Position 
(inches  fron 
Cathode) 

Average 

Fluence 

(cal/cm^) 

Energy 

Deposited  in 
Calorineter 

(kJ) 

2003 

3.22 

1.39 

480 

0.934 

83.0 

8,5 

41 

66.5 

2004 

3.22 

1.28 

443 

0.898 

75.0 

10.0 

28 

59.3 

2005 

3.13 

10.6 

2006 

3.13 

10.0 

30 

62.5 

2007 

3.13 

1.39 

455 

0.934 

77.8 

9.5 

34 

63.6 

2008 

3.13 

9.1 

2009 

3.13 

1.40 

459 

0.952 

77.6 

10.0 

31 

-63.0 

2010 

3.13 

9.1 

2011 

3.13 

1.41 

473 

0.946 

79.9 

8.5 

39 

66.0 

2012 

3.13 

1.43 

465 

0.955 

81.6 

8.5 

2013 

3.13 

8.5 

43 

69.3 

2014 

3.13 

1.39 

468 

0.925 

80.6 

8.5 

2015 

3.13 

Bz  BANK  DID 

NOT  TRIGGER 

2016 

3.13 

8.5 

2017 

3.13 

1.36 

495 

0.910 

86.8 

12.0 

24 

2018 

3.13 

1.37 

466 

0.944 

79.6 

14.0 

17 

2019 

2.88 

14.0 

12 

2020 

3.13 

1.44 

447 

0.973 

76.8 

16.0 

12 

2021 

3.22 

1.39 

488 

0.957 

82.5 

16.0 

2022 

3.13 

1.31 

460 

0.924 

76.1 

16.0 

9 

2023 

3.00 

1.25 

454 

0.898 

71.3 

8.5 

Average 

Values 

t N8D 

3.14 

tl« 

1.37 

t4% 

466 

13% 

0.935 

12% 

78.7 

14% 

64.3 

15% 

IKJTS:  1.  There  ««ere  NO  diode  IneuXator  breafcdovns. 

2*  for  pule#  2019,  the  pulse  charge  wee  intentionelly  reduced  end  the  cethode-^enode  separation  was  increased 
In  an  atteapt  to  reduce  the  fluence  but  retain  (the  high)  electron  energy. 
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of  beam  parameters  in  the  diode  was  quite  good.  Considering 
the  thirteen  pulses  for  which  detailed  beam  characterization 
analysis  was  performed,  the  peak  acceleration  voltage  was 
repeatable  to  ±4  percent  MSD,  the  peak  diode  current  was  re- 
peatable to  ±3  percent  MSD,  the  mean  electron  energy  was 
repeatable  to  ±2  percent  MSD,  and  the  beam  energy  in  the  diode 
was  repeatable  to  ±4  percent  MSD. 

The  repeatability  of  the  electron  beam  loading  conditions 
at  target  location  is  more  difficult  to  assess  because  the  data 
were  collected  at  several  fluence  levels.  From  the  beam 
characterization  analysis  below,  the  beam  fluence  at  a given 
position  is  repeatable  to  about  ±8  percent  MSD.  The  electron 
beam  energy  deposition  profile  measurements  are  insufficient 
to  determine  repeatability  of  the  energy  deposition  profile  with 
confidence. 

3.6  BEAM  CHARACTERIZATION  ANALYSIS 

The  beam  characterization  analysis  seeks  to  define  the 
electron  beam  loading  conditions  for  a data  pulse  that  usually 
has  no  beam  diagnostics  at  target  location.  With  magnetically 
guided  beams  there  is  usually  a well-defined  relationship  between 
the  electron  beam  loading  conditions  at  target  location  and 
electron  bear  parameters  in  the  diode. 

First  note  that  the  beam  transport  efficiency,  n: 

_ Beam  energy  deposited  in  the  calorimeter 
Beam  energy  in  the  diode 


A 
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is  0.81  ±2  percent  MSD  on  the  pulses  for  which  the  active  area 
of  the  calorimeter  intercepts  the  entire  beam  (pulses  2003, 

2004,  2006,  2007,  2011,  and  2013).  The  fluence  level  as  a 
function  of  position  from  the  distance  from  the  cathode  can  then 
be  calculated  (see  Figure  7) : 


<P^(z) 


0.81 


L(z) 


2 

(p  (z)  IS  calculated  fluence  in  cal/cm  as  a function 

of  distance  from  cathode,  z. 


0.81  is  energy  transport  efficiency 


is  diode  energy  in  calories  (average  value  for 
this  series  = 18.8  * 10^  calories) 


L(z)  is  magnetic  lens  ratio  as  a function  of  distance 

from  cathode,  z. 

2 2 

A IS  area  of  cathode  in  cm  (410  cm  for  this 

series) 


The  measured  fluence  levels  from  Table  1 are  plotted  on  Figure  7 
for  comparison.  The  correlation  is  excellent;  the  measurements 
agree  with  the  calculated  values  to  ±8  percent  MSD. 

Measured  electron  beam  energy  deposition  profiles  were 
compared  to  values  calculated,  utilizing  acceleration  voltage 
and  diode  current  waveforms  to  determine  the  mean  angle  of 
incidence  of  the  electron  beam.  This  correlation  was  attempted 
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Calculated  f luence 


X Measured  fluence 


1 


at  the  fluence  levels  of  interest  for  the  proposed  DNA/LMSC 

2 

thermal-structural  response  program,  i.e.,  40  cal/cm  and 
2 

10  cal/cm  . Excellent  agreement  was  found  between  measurements 
and  values  calculated  with  normal  incidence  for  pulses  2012  and 
2014  (Figures  8a  and  8b) , but  only  qualitative  agreement  was 
found  for  pulses  2021  and  2023  (Figures  9a  and  9b) ; the  dis- 
crepancy is  discussed  in  Appendix  C. 

Based  upon  the  results  obtained  in  this  study,  the  electron 
beam  loading  conditions  for  any  pulse  can  be  determined  for 
this  diode  configuration  according  to  the  following  procedure: 

1.  The  fluence  is  determined  from  Figure  7. 

2.  The  electron  beam  energy  deposition  profile  is 
calculated,  using  acceleration  voltage  and  diode 
current  waveforms,  assuming  that  the  electrons  are 
normally  incident  on  the  target. 

This  Icind  of  analysis  will  typically  be  performed  after 
an  electron  beam  testing  sequence,  but  it  is  expensive  and 
time  consuming.  These  data  were  used  to  develop  an  on-line 
method  of  estimating  electron  beam  loading  conditions  in  the 
laboratory,  which  is  presented  in  Appendix  D. 
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Measured 


^Calculated 
(normal 
incidence ) 


OWL  II  has  been  shown  to  be  a reliable,  repeatable  acceler- 
ator with  a 950  keV  80  kJ  electron  beam.  This  electron  beam  is 

available  for  thermal-structural  response  testing  with  areas 

2 

in  excess  of  400  cm  , depths  of  penetration  greater  than 
2 

0.6  gm/cm  , and  peak  doses  ranging  from  25  to  100  cal/gm. 

The  successful  completion  of  this  program  gives  impetus  to 
the  further  development  of  high  dose  OWL  II  electron  beams  for 
material  response  testing.  Reliable  operation  of  the  OWL  II 
insulator  will  allow  developmental  efforts  to  concentrate  on 
elimination  of  early  diode  impedance  collapse  problems  that 
have  adversely  affected  accelerator  repeatability  for  high 
current  density  beams. 
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APPENDIX  A 
PULSING  SUMMARY 


This  Appendix  describes  briefly  every  pulse  taken  in  this 
program.  The  supporting  data,  calorimeter  fluence  maps,  and 
measured  electron  beam  energy  deposition  profiles,  are  presented 
in  Appendices  B and  C. 
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APPENDIX  B 


FLUENCE  CALORIMETER  DATA 

This  Appendix  presents  the  individual  calorimeter  fluence 
maps  taken  in  this  program.  The  data  for  pulses  with  diode 
insulator  breakdowns  have  been  deleted. 

On  some  of  the  pulses,  data  was  lost  from  some  calorimeter 
probes.  On  these  pulses  the  beam  energy  deposited  in  the 
calorimeter  was  estimated  by  assuming  that  the  missing  probes 
had  the  average  energy  deposited  in  the  other  probes  (this 
was  done  separately  for  the  1-inch  square  probes  and  the  2-inch 
square  probes) . 
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Top 


Average  fluence  2 

over  central  32  square  inches  = 54  cal/cm  ±7%  MSD 

Energy  deposited  = 59  kJ 


Figure  B-1  Fluence  map,  pulse  1969. 
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Top 


Average  fluence  „ 

over  central  32  square  inches  = 23  cal/cm  ±10%  MSD 

Energy  deposited  = 56  kJ 


Figure  B-2  Fluence  map,  pulse  1973. 


Top 


Average  fluence 

over  central  32  square  inches  = 47  cal/cm^  ±9%  MSD 
Energy  deposited  = 62  kJ 


Figure  B-3  Fluence  map,  pulse  1976. 
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Energy  deposited  = 64.3  kJ 


Figure  B-4  Fluence  map,  pulse  1980. 
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Top 


Average  fluence 

over  central  32  square  inches  = 13.1  cal/cm"^  ± 7%  MSD 
Energy  deposited  = 27  kJ 
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Average  fluence  2 

over  central  32  square  inches  = 49  cal/cm  +7%  MSD 


Energy  deposited  = 68  kJ 


Figure  B-6  Fluence  map,  pulse  2000. 
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Top 


Average  fluence  2 

over  central  32  square  inches  = 41  cal/cm'^  ±4%  MSD 

Energy  deposited  = 66.5  kJ 


Figure  B-7  Fluence  map,  pulse  2003. 
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Top 


Average  fluence  „ 

over  central  32  square  inches  = 30  cal/cm'^  +6%  MSD 

Energy  deposited  = 62.5  kJ 


Figure  B-9  Fluence  map,  pulse  2006. 


Top 


Average  fluence  _ 

over  central  32  square  inches  = 34  cal/cm^  ±8%  MSD 

Energy  deposited  = 63.6  kJ 


Figure  B-10  Fluence  map,  pulse  2007. 
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Top  J 


Average  fluence  _ 

over  central  32  square  inches  = 31  cal/cm'^  +11%  MSD 

Energy  deposited  = ~ 63.2  kJ 

Figure  B-11  Fluence  map,  pulse  2009. 
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Average  fluence  _ 

over  central  32  square  inches  = 39  cal/cm^  +5%  MSD 


Energy  deposited  = 66  kJ 


Top 


Average  fluence  2 

over  central  32  square  inches  = 43  cal/cm^  ±4%  MSD 

Energy  deposited  = 69.3  kJ 


Figure  B-13  Fluence  map,  pulse  2013. 
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Top 


Average  fluence  2 

over  central  32  square  inches  = 24  cal/cm  +7%  MSD 

Energy  deposited  = 53  kJ 


Figure  B-14  Fluence  map,  pulse  2017. 
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Average  fluence 

over  central  32  square  inches  = 17  cal/cm'^  ±9%  MSD 


Top 


Average  fluence 

over  central  32  square  inches=12  cal/cm^  +8%  MSD 
Energy  deposited  = 21  kJ 

Figure  B-16  Fluence  map,  pulse  2019. 
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Top 


Average  fluence 

over  central  32  square  inches  = 11.9  cal/cm*^  ±7%  MSD 
Energy  deposited  = 24  kJ 

Figure  B-17  Fluence  map,  pulse  2020. 
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Top 


Average  fluence  2 

over  central  32  square  inches  = 9 cal/cm"^  +9%  MSD 

Energy  deposited  = 19  kJ 

Figure  B-18  Fluence  map,  pulse  2022. 
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APPENDIX  C 

MEASURED  ELECTRON  BEAM  ENERGY  DEPOSITION  PROFILES 


This  Appendix  presents  the  individual  electron  beam  energy 
deposition  profiles  measured  in  this  program. 

The  data  for  pulse  2016  has  been  deleted  because  the 
thermocouple  on  the  first  foil  developed  an  open  circuit.  The 
calorimeter  was  then  rebuilt  and  on  successive  pulses  (2021 
and  2023)  the  data  was  peculiar.  For  these  pulses,  the  corre- 
lation with  calculations  was  poor,  so  the  calorimeter  was  dis- 
assembled for  inspection.  The  thermocouples  for  the  first  two 
foils  were  found  to  be  shorted  together  inside  the  calorimeter. 
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.zed  dose,  (cal/gm) / (cal/cm 


0 0.04  0.08  0.12  0.16  0 0.04  0.08  0.12  0.16 

Depth  in  ATJ  graphite,  inches 


I 

I 


0 0.04  0.08  0.12  0.16  0 0.04  0.08  0.12  0.16 

Depth  in  ATJ  graphite,  inches 

Figure  C-2  Measured  electron  beam  energy  deposition  profiles. 
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APPENDIX  D 


ON-LINE  DATA  ANALYSIS 


It  is  a time-consuming  task  to  produce  the  detailed  analysis 
required  for  beam  characterization.  During  a thermal-structural 
response  program,  it  is  necessary  to  know  the  electron  beam 
loading  conditions  "on-line"  so  that  appropriate  changes  can  be 
made  for  subsequent  pulses.  The  data  listed  in  Table  1 were 
used  to  develop  the  on-line  technique. 


The  correlation  found  between  calculated  fluence  and 
measured  fluence  was  very  encouraging  (see  Figure  7) . There 
were  (small)  pulse- to-pulse  variations  in  beam  energy  in  the 
diode,  so  the  data  were  normalized  by  the  beam  energy  in  the 
diode  (Figure  D-1) 


where 


0.81  L 

N4) 

is  normalized 

calculated  fluence 

c 

diode 

0.81 

is  transport 

efficiency 

is  normalized 
(1  kJ) 

beam  energy  in  the 

2 

(cal/cm  ) /kJ  in 


diode,  240  calories 


Normalized  fluence,  (cal/cra  ) /kJ 


0 5 10  15 

Distance  from  cathode,  inches 


Figure  D-1  Normalized  fluence,  using  calculated  beam  energy  ! 

in  diode.  ; 

I 
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L is  lens  ratio 

2 

IS  cathode  area  (410  cm  ) 

2 

N(J)j^  IS  normalized  measured  fluence  (cal/cm  )/kJ 

<})j^  is  measured  fluence 

Ej^  is  diode  energy  in  kJ 

This  correlation,  though  more  aesthetically  pleasing  than 
that  shown  in  Figure  7,  is  not  appreciably  better;  the  measurements 
agree  with  the  calculated  values  to  ±7  percent  MSD.  However,  this 
correlation  does  allow  estimation  of  fluence  for  pulses  which  do 
have  different  beam  energy  in  the  diode  (for  example  pulse  2019), 
if  the  beam  energy  in  the  diode  is  known. 

The  beam  energy  in  the  diode  could  be  estimated  to  ±7  percent 
MSD  from  the  peak  power  determined  in  the  laboratory; 

E^est  = 0.13  V *I 

D c 

laboratory  estimate  of  peak  power 


where 

Ej^est  is  the  estimated  energy  in  the  diode  in  kJ 

0.13  is  the  proportionality  constant 

V is  the  peak  acceleration  voltage  in  MV  (oscilloscope 

data) 

I is  the  diode  current  in  kA  at  peak  acceleration 

voltage  (oscilloscope  data) 
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All  of  the  fluence  measurements  taken  with  the  magnet  center- 
line  3>i  inches  from  the. cathode  were  normalized,  using  the  energy 
in  the  diode  (estimated  from  VC  and  I)  and  are  compared  with  the 
calculated  value  in  Figure  D-2.  The  correlation  is  good,  except 
for  data  collected  in  the  center  of  the  lens.  Pulse  2013  is 
treated  separately  (see  Appendix  E) . 

The  data  in  the  center  of  the  lens  had  the  same  transport 
efficiency  as  the  other  data  (approximately  80  percent) , but  the 
average  fluence  is  lower  than  the  estimated  fluence  by  approxi- 
mately 22  percent.  This  discrepancy  suggests  that  the  fluence 
distribution  near  the  center  of  the  lens  is  anomalous.  The 
anomalous  fluence  distribution  was  not  pursued  in  this  program 
because  the  fluence  levels  of  interest  for  the  proposed  DNA-LMSC 
thermal-structural  response  program  are  found  in  the  diverging 
portion  of  the  lens,  where  the  beam  is  well-behaved. 

There  was  not  enough  data  to  develop  an  on-line  technique 
for  estimating  electron  beam  energy  deposition  profiles,  but 
it  was  found  that  the  mean  electron  energy  was  0.68*VC^^^  (±3  per- 
cent MSD)  . 

Using  these  techniques,  the  fluence  and  mean  electron 
energy  can  be  estimated  in  the  laboratory  so  that  beam  para- 
meters can  be  adjusted  to  achieve  appropriate  loading  con- 
ditions on  subsequent  pulses. 


Normalized  fluence 


Figure  D-2 


Normalized  fluence,  using  estimated  beam  energy 
in  diode. 


On  pulse  2013,  the  accelerator  triggered  early--approxi- 
mately  8 msec  after  the  magnet  bank  was  triggered,  instead  of 
approximately  15  msec — because  of  an  equipment  malfunction.  This 
resulted  in  a lower  magnetic  guide  field  (approximately  two-thirds 
of  the  usual  value)  and  a change  in  lens  ratio  (from  approximately 
1.03  to  approximately  1.20  at  8*5  inches  from  the  cathode).  The 
increase  in  lens  ratio  is  caused  by  conductors  near  the  cathode, 
which  put  the  magnetic  field  near  the  cathode  out  of  phase  with 
the  magnetic  field  at  target  location. 

Using  the  appropriate  lens  ratio  and  the  beam  energy  in  the 

diode  (estimated  from  VC  and  I)  the  calculated  fluence  is 
2 

41  cal/cm  , which  compares  favorably  with  the  measured  fluence 
of  43  cal/cm^. 
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